Abstract. Backlash nonlinearity and friction nonlinearity exist in dual-motor driving servo system, which reducing system response speed, steady accuracy and anti-interference ability. In order to diminish the adverse effects of backlash and friction nonlinearity to system, we proposed a new all-coefficient adaptive control method. Firstly, we introduced the dynamic model of backlash and friction nonlinearity respectively. Then on this basis, we established the characteristic model when backlash and friction nonlinearity coexist. We used recursive least square method for parameter estimation. Finally we designed the all-coefficient adaptive controller. On the basis of simplex allcoefficient adaptive controller, we designed a feedforward all-coefficient adaptive controller. The simulations of feedforward all-coefficient adaptive control and simplex all-coefficient adaptive control were compared. The results show that the former has quicker response speed, higher steady accuracy, stronger anti-interference performance and better robustness, which validating the efficacy of the proposed control strategy.
Introduction
There are many nonlinearities which influencing the dynamic performance and steady-state accuracy of dualmotor driving servo system, such as backlash nonlinearity, friction nonlinearity, deadzone nonlinearity and so on in which the most obvious influence on system are backlash and friction nonlinearity. Thus, backlash and friction nonlinearity have always been caused extensive concern of academic and engineering at home and abroad. In terms of modeling of dual-motor driving servo system, many scholars at home and abroad have studied it. In [1] , the dynamic model of dual-motor driving servo system containing backlash nonlinearity was established and the dynamic structure diagram of system was given. In [2] , the simulation model of AC driving system based on dual-motor mutual feedback was established and the model was based on adaptive full order flux observer and torque sensor. In [3] , a new compensation technique for friction that utilizes a backstepping control structure and an adaptive estimation of the friction force based on an observer for the class of dual-motor driving system was presented. In [4] , the control model of machine tool feeding system driven by dual-motor containing backlash nonlinearity was established, using speed difference feedback to eliminate the synchronous error of dualmotor. In [5, 6] , the mechanical model and experimental simulation block diagram of cement kiln driving system were given. But the system model established in the above literature are all dynamic models, and also the backlash and friction nonlinearity exist alone, without considering the system model when backlash and friction nonlinearity coexist.
In the compensate control strategies, many scholars at home and abroad have also studied them. In [7] , the parameter identification of nonlinear dynamic systems with input saturation and output backlash using threeblock cascade models was presented. Examples of threeblock cascade system identification illustrated the feasibility of proposed method. In [8] , aiming at unknown dynamic friction parameters and unknown load characteristic, the adaptive friction compensation was designed for the servo system. Simulation and experiment results were shown to effectively inhibit the disadvantageous influence of friction. In [9] , an adaptive controller was designed for a class of periodically timevarying systems with input backlash, when the periodical uncertainties can be parameterized. The sign function was replaced by the hyperbolic function to ensure the differentiability for the controller and to avoid the chattering. In [10] , an iterative learning control method was presented for a class of time-varying nonlinear systems with input backlash. In [11] , an adaptive fuzzy controller was designed in the case of unknown system parameters and load torque. In [12] , a friction torque compensation controller without distal-end feedback was designed to ensure that the output of the system can effectively track the expected torque trajectory, and the effectiveness of the scheme was validated by experiments. But most of scholars at home and abroad have studied the control strategies when backlash and friction nonlinearity exist alone, few scholars have studied the compensate strategies when backlash and friction nonlinearity coexist.
Taking a wide view of the development of backlash and friction nonlinearity in recent years, the main control algorithms are robust adaptive control, repetitive control, fuzzy control, sliding mode control, neural network control and so on. To some extent, the above proposed control methods have achieved good control effect, but still can't meet many problems in practical application, such as the dynamic tracking performance and control precision are not high, system parameter changes, etc. The all-coefficient adaptive control method has features of simple algorithms, strong robustness and so on, and has been successfully applied in actual industrial and aerospace control system, algorithm itself has a high maturity, but few scholars use it to control dual-motor driving servo system, so it is necessary to study it. Aiming at backlash and friction nonlinearity coexist, a new system model, namely characteristic model was established. We use all-coefficient adaptive control algorithm to control system and obtain the ideal control effect.
Characteristic Model
The so-called characteristic model is the modeling combining the dynamic characteristics of object, environmental characteristics, control performance requirements, not only depending on the accurate dynamic analysis of object. The features of characteristic model are as follows [13] .
(1)Under the same control input, the object characteristic model is equivalent to the output of the actual object(namely in the dynamic process, system can keep within the allowable output error). In a steady state, the output are equal.
(2)The form and order of the characteristic model are mainly determined by the control performance requirements, in addition to the characteristics of the object.
(3)The form of characteristic model is simpler than the original object's dynamic equation, easy to design controller and easy to implement in engineering.
(4) The characteristic model is different from the reduced-order model of higher order system, which is to reduce the information of the higher order model into several characteristic parameters. In general, the characteristic model is described by the slowly time varying difference equation.
The characteristic model can be directly modeled by the object physical mechanism, and also can be derived from the original dynamic equation and the control performance requirements. In this paper, we adopt the latter method, firstly we establish the system dynamics model when backlash and friction nonlinearity coexist, then we design the system characteristic model on this basis. Assumption 1 In the control process, drivensubsystem 1 O and 2 O contact with 0 O alternatively. It was guaranteed by exerting some bias torques to drivensubsystem from output of two driving-subsystems [14] . The bias torques was equal and opposite. Because of the influence of backlash nonlinearity [15] , ( ) ( 1, 2) i t i W can be expressed as follows.
System Dynamic Model
( ) ( ( )) ( ( ))
where, k and c are stiffness coefficient and damping coefficient, driving wheel and driven wheel, respectively.
i f z t is the deadzone function and can be expressed as follows.
where, In dual-motor driving servo system, in addition to the influence of backlash nonlinearity, there is also the influence of friction nonlinearity. Let ( )( 3,4) n t n W is the torque generated by friction in system (mainly on the driving wheel side). We use Stribeck friction model to model n W . 
System Characteristic Model
Suppose a nonlinear system is as follows:
m m u u then Eqs. (5) can be expressed as follows:
n m x t f x x u u (6) The following assumptions are made for the nonlinear system: Assumption 2 The system is single input and single output.
Assumption 3 The order of control variable
( ) u t is 1.
Assumption 4
If all the independent variables of ( ) f are zero, then ( ) 0 f .
Assumption 5
All the independent variables in ( ) f are continuous and differentiable, and all the partial derivatives are bounded.
Assumption 6 ( ( ), ( )) ( ( ), ( )) f x t t u t t f x t u t ' '
M t ' ,where M is a positive constant, t ' is sampling period.
Assumption 7
All the variables i x and i u are bounded. Theorem 1 If the controlled object can be described by nonlinear system Eqs. (5), and meet the above assumptions 2-5, under the condition of satisfying certain sampling period t ' , its characterisric model can be described by a second order time varying difference equation:
(7) When the controlled object is stable, and meet assumptions 5-6, then: (1)In the dynamic process, the output of the characteristic model is equivalent to the actual output under the condition of the same input u (proper selection of sampling period t ' can guarantee the output error within the allowable range). The output are equal in steady state.
(2)The coefficients of ( ) (3) Coefficient range can be determined in advance. By the theorem 1, we can see that only when all the independent variables of the system are continuous diferentiable, the characteristic model can be designed. But in the eqs.(4), the deadzone function and the sign function are not differentiable, so they must be smoothed. We use a smooth, continuous and differentiable function in place of deadzone function [16] :
We use a smooth friction model to replace the Stribeck friction model [17] , namely the introduction of driven wheel speed amplification coefficient, and adopt the arc tangent function of the driven wheel speed replace the symbol function sgn in Stribeck friction model. Smooth friction model is shown as follows.
where 0 b k ! is the speed amplification coefficient of driven wheel.
After the smooth treatment of backlash and friction nonlinearity respectively, the dynamic equation of dualmotor driving servo system with backlash and friction nonlinearity coexist is as follows. 
x I t , then the state equation of system is as follows. From theorem 1, we can get the characteristic model of system is as follows. 4 is the output response of tracking unit step signal, we impose 5Nm disturbance on system at 5s; Fig.  5 and Fig. 7 are the output response of tracking input ( ) sin(2 ) sin(0.5 ) r t t t T S S , their control strategies are ACAC and FACAC, respectively, and we impose 8Nm disturbance on system at 5s; Fig. 6 and Fig. 8 are tracking error curves using ACAC and FACAC, respectively.
From Fig. 4 to Fig. 8 , we can see that system has faster response speed, smaller tracking error, stronger antijamming capability and stronger robustness when FACAC method is used.
Conclusion
Aiming at the dual-motor driving servo system when backlash and friction nonlinearity coexist, the system characteristic model was established, the controllers based on all-coefficient adaptive control and feedforward all-coefficient adaptive control were designed, respectively. The simulation results show the superiority of the feedforward all-coefficient adaptive control method, which provides a reference for the further research of dual-motor driving servo system. 
